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Abstract. Wastewater network management is a critical aspect of en-
suring public health and environmental sustainability. Geographic Infor-
mation Systems (GIS) are widely employed for managing and analyzing
wastewater network data. A Shapefile is a model for representing vector
data in GIS. In this model, different databases are used to store vari-
ous types of geometric data, including points, lines, and polygons. For
instance, the components of wastewater networks are stored in different
databases. However, this approach presents difficulties in accurately de-
picting the connectivity among the wastewater network components that
are physically interconnected in reality. To address this issue, this paper
discusses the limitations of the separate databases approach for repre-
senting wastewater networks in Shapefile and proposes a novel graph-
based approach. In this approach, each component of the network, such
as manholes, structures, pumps, etc., is represented as a node in the
novel graph, while the pipes represent the connections between them.
By adopting the proposed representation, the real interconnected nature
of the wastewater network can be effectively captured and visualized.
The validation of this approach, using five real datasets, confirms its
ability to connect the various components of the wastewater network via
a graph-based representation.

Keywords: Wastewater networks · Geographical Information System·
Shapefile · Graph-based representation · Connectivity.

1 Introduction

Efficient wastewater management plays a vital role in ensuring public health
and environmental sustainability [11]. Geographic Information Systems (GIS)
have become a popular tool for managing and analyzing geographic data as-
sociated with wastewater networks [16, 15]. Different models are used to store
vector data in GIS. Shapefile is a non-topological model that allows storing dif-
ferent geometries in different databases without storing the topological relation
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between them. However, the approach of storing each component of wastewater
networks in separate databases using Shapefiles lead to imprecision, especially
when it comes to representing the connections between these components. In re-
ality, wastewater networks are interconnected systems where various components
work together to transport wastewater from its source to treatment plants. For
example, manholes serve as access points to the pipes, facilitating maintenance
and inspection activities. These connections between different components are
crucial for the proper functioning of the network.

While in Shapefiles, storing different components in different data-
bases allows the efficient management of individual components, it lacks the
ability to capture and represent the connections between them due to the non
topological characteristic of Shapefile model. Indeed, the manual insertion of
wastewater components data in a GIS may lead to slight shifts in position,
resulting disconnected objects. Furthermore, the use of different types of ge-
ometries (points, lines and polygons) to represent real-world objects may also
introduce imprecision in terms of position and connectivity, since selecting the
most appropriate geometry to represent real-world objects is not a straightfor-
ward process. As a result, over time, as updates and modifications are made to
the network, the databases become unsynchronized, leading to a loss of the real
connectivity and relationships between the components. This is a challenging
problem since the correspondence between nodes and pipes is not perfect due
to the imprecise positioning of components, while some components are isolated
from the network, further complicating the connectivity problem.

To address the challenges related to the representation of wastewater net-
works, a comprehensive and integrated approach is needed. A graph-based repre-
sentation is very natural for capturing the interconnected nature of the network,
the connectivity between nodes and edges being a fundamental characteristic
of graphs. In this approach, each component, including manholes, pumps and
structures, is treated as a node, while the connections between them are repre-
sented as edges, symbolizing the pipes in wastewater networks. In this approach,
dummy nodes are introduced to ensure connectivity between the various com-
ponents and to represent the missing nodes in wastewater networks. However,
capturing the connections between the various components is a major problem,
due to the imprecision associated with the Shapefiles representation approach
and its non topological characteristic.

This paper is an extended version of work published in [6]. We extended our
previous work by enhancing the state of the art, improving the graph construc-
tion approach and extending the experiments. It is organized as follows. The
overview of GIS, vector data models, and wastewater network data is provided
in Section 2, where we discuss the limitations of representing them in a Shape-
file using the traditional separate databases approach, highlighting the resulting
connectivity issues. Section 3 presents the graph-based algorithm, which trans-
forms the shapefile representation into a graph-based representation. In Section
4, experiments and results from applying the graph-based algorithm to real-
world wastewater network data are presented, with a focus on highlighting the
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algorithm’s advantages and limitations. Finally, Section 5 concludes the paper by
summarizing the benefits of the graph-based representation and its implications
for wastewater network management.

2 Wastewater networks in GIS

2.1 Geographical Information Systems (GIS)

According to [3], GIS is a powerful set of tools for collecting, storing, retrieving,
transforming, and displaying spatial data from the real world. GIS manages both
attribute and geospatial data. Attribute data is organized in tabular form, while
geospatial data is stored in raster or vector formats. Raster data comprises a
pixel matrix, where each pixel holds one or several values, stored in different
bands, such as RGB (Red, Green, Blue) or environmental data like temperature
or elevation. Vector data, defined by XY coordinates, is categorized into points,
lines and polygons. Points represent small or abstract features, lines denote linear
elements with measurable lengths such as road networks, and polygons depict
boundaries and areas of features such as buildings, cities boundaries or lakes.

Vector data can be structured in many different ways [4]. The three most
common data models are :

1. The topological data model: This model is characterized by the inclusion of
topological information within the dataset, as the name implies. Topology is
a set of rules that model the relationships between neighboring points, lines,
and polygons and determines how they share geometry.

2. The spaghetti data model [5]: In the this model, each point, line, and/or
polygon feature is represented as a string of X, Y coordinate pairs (or as a
single X, Y coordinate pair in the case of a vector image with a single point)
with no inherent structure. The topological information are not explicitly
encoded in this model.

3. The Esri Shapefile model [21]: This is a non-topological model, meaning
it does not store topological information between different geometries. It is
one of the most common GIS vector data formats and is compatible with the
majority of software platforms. A Shapefile is a straightforward file format
that stores the geometry and attribute information of the geometries in a
tabular format. Hence, a single Shapefile will be referred to as a database in
this context.

In the research context, GIS has been used in several works. In [17], a
novel route planning methodology addresses traditional impedance modeling
challenges by introducing realistic variables into GIS. The proposed impedance
model, based on the hierarchical analytical process, successfully enhances route
planning accuracy. The study suggests exploring complementary techniques like
the network analytical process for further GIS methodology improvement. In
the study [2], integrated remote sensing and GIS were used to identify areas
of earthquake potential. The study introduced a digital ranking system for the
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integration of GIS data, resulting in a more accurate and detailed Earthquake
Potential Index (EPI) map instead of traditional earthquake risk maps. In [9],
a study of integrated GIS in developing high-resolution global climate surfaces
using monthly data from 1950-2000 is presented. Employing advanced interpola-
tion techniques, the research quantified uncertainties and highlighted the value
of these surfaces in providing insights into regional climate variations despite
low station density.

2.2 Wastewater network

Wastewater networks comprise a variety of interconnected components that col-
lectively ensure the efficient and safe transportation of wastewater from its
sources to treatment plants [19]. Some of the essential components of wastewater
networks include:

– Pipes: sewer pipes are the primary components of a wastewater network.
They are used to transport wastewater from its source, such as residential,
commercial or industrial buildings, to the treatment plants.

– Manholes: manholes are access points in the wastewater network that allow
for maintenance and inspection activities. They are usually constructed at
regular intervals along the sewer pipes. Manholes provide entry points for
workers to access the sewer pipes and perform tasks like cleaning, repairs,
and inspections.

– Pumps: pumps are used to increase the pressure and flow of wastewater,
especially in areas where gravity flow is not possible.

– Devices: Various devices play crucial roles in the proper functioning of wastew-
ater networks. These include storage basins, plugs or stoppers, chambers,
flush tanks, and siphons.

One characteristic of wastewater network data is the geographical informa-
tion associated with each component, representing its position on the Earth. To
store, visualize and manage this spatial data, a GIS is commonly employed. A
GIS allows for the integration, analysis and interpretation of spatial data within
the context of wastewater network management.

Wastewater network data is presented in vector format. Consequently, two
main geometries are employed to depict the network components in GIS, as
shown in Figure 1, representing a section of the wastewater networks in the city
of Montpellier, France. The first geometry is the point geometry, representing
specific locations such as manholes, structures, pumps and other components.
The second geometry is the line geometry, which illustrates the pipes constituting
the network infrastructure. The line geometry is used to represent pipes only,
all other components are represented by point geometry. The vector data model
used for representing wastewater network data is the Shapefile model, which is
a non-topological model. This means that the topological relationships between
point geometry and line geometry are not explicitly represented. Throughout this
article, the representation of wastewater networks using the Shapefile model in
GIS will be referred to as the GIS representation.
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Fig. 1: Example of wastewater networks in GIS representation (Open data of
Montpellier city [14]).

In addition to the geographical information, each component in the wastew-
ater network is also characterized by attribute information. These attributes
provide additional details and characteristics of the components, such as pipe
diameter, material, flow capacity and other relevant data.

In a Shapefile model, the data related to each component of the wastewater
network is typically stored in separate databases, as illustrated in Figure 1.
Each component, such as pipes, devices, spillway, manholes, pumps, structures
and treatment plants, has its own database, allowing for easy management and
analysis of the data.

2.3 Graph-based representation

Graph-based representation is a versatile method adept at illustrating data in-
terrelationships across diverse domains. In graph representation, nodes serve as
placeholders for various entities or abstract ideas, while edges between them
represent various relationships such as similarity or connectivity, depending on
the context. For instance, in the context of previous studies, a pioneering graph-
based spatial approach is introduced in [7], employing minimal planar graphs
from Delaunay triangulations to effectively assess habitat connectivity. This
innovation facilitates wildlife habitat network analysis and visualization, aid-
ing in conservation decisions. In [18], the authors conduct a systematic survey
of graph-based text representation, highlighting its superiority over the bag-
of-words model in capturing structural and semantic information. The use of
graph-based representation leads to enhanced performance in information re-
trieval, term weighting and ranking across various text applications. In [12], the
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authors address problems posed by multi-view video sharing and propose a more
efficient way of representing and compressing 3D information. Using a method
called graph-based representation, the focus is on connecting important pixels
between views for efficient compression. Additionally, in [13], a novel graph-based
approach for multi-view image representation is proposed. This method utilizes
graph connections to describe pixel proximity in 3D space, achieving a compact
and controllable representation well-suited for coding and reconstructing mul-
tiple views. In [10], a knowledge graph-based data representation is proposed
for Industrial Internet of Things-enabled manufacturing. In [22] a global graph
for modeling social interactions among pedestrians has been investigated. These
research studies demonstrate a strong interest in graph-based representation,
which they exploit to capture connectivity or similarity between abstract en-
tities or ideas. This highlights the versatility and effectiveness of graph-based
methods in different fields.

2.4 Problem statement

In the real world, all of wastewater network’s components are interconnected
and have spatial relationships with each other; e.g., manholes serve as access
points to pipes, and pumps are connected to specific pipes within the network.
Therefore, it is crucial to establish and maintain the appropriate connections
between these components in terms of representation.

As the amount of wastewater network data grows, it becomes increasingly
important to update the nodes and pipes that represent these networks in
databases. However, ensuring that these databases are properly synchronized
with each other is challenging. Imprecision in the representation of the wastew-
ater network arises when the connections between the components are not accu-
rately captured or updated. For example, Figure 2 illustrates some of the issues
that can arise with this type of representation. In the figure, some nodes are
not connected to any pipes, which is impossible in reality. Additionally, in some
cases, some pipes don’t have a node at one of its extremities or both. Many other
potential problems arise when the nodes and pipes of a wastewater network are
not properly synchronized.

To address these issues, a graph-based representation is one of the most ap-
propriate methods for ensuring connectivity between different components of the
network. By using a graph structure, nodes representing manholes, structures,
pumps and other components can be connected by edges representing pipes.
This graph-based approach accurately reflects the interconnected nature of the
wastewater network. Additionally, the graph-based representation helps to com-
plete data by addressing missing nodes in the GIS representation, ensuring a
more comprehensive view of the wastewater network. Moreover, by retaining
all the original information, it enables a return-back to the GIS representations
whenever needed. It also facilitates the integration of new information into the
graph, making it a flexible and scalable solution for wastewater network man-
agement.
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Fig. 2: Example of connectivity issues: mainly nodes not connected to a pipe and
missing nodes at pipes’ extremities.

In the following section, the details of the graph-based representation and
its benefits in maintaining the connectivity and integrity of wastewater network
data are presented.

3 Graph-based representation of wastewater networks

3.1 Domain constraints

A diverse array of stakeholders play integral roles in the establishment and op-
eration of wastewater networks. Recognizing the need for seamless collaboration
and efficient data sharing among these stakeholders, it becomes imperative to es-
tablish a comprehensive set of technical and topological constraints. Adherence
to these domain constraints is crucial during the graph construction process
to guarantee the reliability and efficiency of wastewater network management.
Based on our study of the technical documents related to wastewater networks
[1] of Montpellier Mediterranean Metropolis zone in France , some of the essential
domain constraints include:

– Duplicated Objects: It is impossible to encounter two components of the
same type at the same location in reality. For example, the presence of two
manholes at identical positions is impossible.

– Data Model Specification: Wastewater pipes are visually represented by lines
or poly-lines (arcs), while equipment points are symbolized by nodes.

– Uninterrupted Network Design: Arcs must seamlessly connect end-to-end,
each commencing and concluding with a node.

– Coordinates Consistency Requirement: The coordinates of a node must pre-
cisely match those at the end of the corresponding pipe.

– Strategic Placement of Pipe Junctions: Nodes are strategically introduced
at intersections, even if they do not belong to a specific component.
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– Flow Direction Alignment: The network is systematically drawn in the di-
rection of effluent flow, proceeding from upstream to downstream.

– Nominal Diameter Standard: Pipes are mandated to possess a nominal di-
ameter equal to or exceeding 200 mm, encompassing private networks.

3.2 Formal representation

The inputs of the graph-based representation approach can be formally repre-
sented as follows:

– The Pipes Database PD is a collection of line geometries that represent sewer
pipes PD = {p1, ..., pi, ..., pk}. Each pipe pi is identified by a unique identifier
i, and the total number of pipes in the database is denoted by NP .

– The Nodes Database ND is a collection of point geometries that includes
all the point type components: manholes, structures, pumps, fittings, ac-
cessories, devices, spillway and treatment plants ND = {n1, ..., nj , ..., nm}.
Each element nj has an attribute type, allowing us to identify the type of
component. Each node nj is identified by a unique identifier j, and the total
number of nodes is denoted by NN .

A simple graph G is a pair (V,E), where V is a finite set, and where E is a
set consisting of 2-element subsets of V [8]. We will abbreviate the word “simple
graph” as “graph” in this article. The algorithm generates a graph denoted as
G = (V,E) as its final output, where:

– V is a finite set of nodes that contains elements from ND and dummy nodes
that will be added to ensure connectivity and complete missing nodes.

– E ⊆ V × V is a finite set of edges that represents connections between
two nodes, indicating that these connections correspond to the pipes from
PD. Each edge in the graph represents the relationship between two nodes,
reflecting the pipes that connect them in the wastewater network represen-
tation.

3.3 General approach

The aim of our approach is to construct a graph-based representation of wastew-
ater networks in order to ensure connectivity between the various components.

Figure 3 illustrates the general approach to reach this goal. The inputs in-
clude a database of pipes and multiple databases of nodes. A pre-processing
phase is implemented to remove all duplicated objects. Duplications may be en-
countered as a result of the manual insertion of data in GIS while creating or
updating the network. Nodes and pipes are, in this case, characterized by iden-
tical positions and attributes; which is not allowed by the domain constraints
(3.1). Furthermore, the presence of distinct databases for each component type
considerably extends the time required to identify intersections between nodes
and pipes. To streamline this process and enhance efficiency, we combine the
node databases into a unified node database.
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Fig. 3: General approach of graph construction from GIS pipes and nodes
databases.

The graph construction algorithm starts by extracting the intersections be-
tween each pipe in the pipes database and the nodes in the nodes database by
using a buffer around each pipe to take into account the small shifting that
may arise between nodes and pipes. This ensures that the connections between
pipes and nodes are accurately identified. After detecting the intersections, the
resulting nodes are connected and inserted into the graph. During this phase, a
verification is performed to ensure that intersections occur at the extremities of
each pipe. If no intersections are found, dummy nodes are introduced to ensure
the connectivity of the graph. This phase is consistent with the domain con-
straints (see section 3.1) where the nodes must be located at the extremities of
the pipes.

The overall output of this process is a graph-based representation that accu-
rately depicts the relationships between the pipes and nodes in the wastewater
network. This process is detailed in the following section.
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4 Graph construction

The graph construction algorithm (Algorithm 1) initializes an empty graph G
with sets of nodes V and edges E. It iterates over each pipe pi in the pipes
database PD. For each pipe pi, the algorithm follows five general steps detailed
below:

Algorithm 1 Graph Construction
1: procedure GraphConstruction(PD, ND)
2: V, E ← {}, {}
3: G ← (V, E)
4: Distance ← 0
5: for i = 1 to NP do
6: Distancepi ← BufferDistance(pi)
7: Bufferpi ← CreateBuffer(pi, Distancepi)
8: Intersectionspi ← ExtractIntersections(ND, Bufferpi)
9: Ext1← RandomExtrimity(pi)

10: SortedInterpi ← DistanceAndSort(Intersectionspi ,Ext1 )
11: SortedInterpi ← AddDummyNodes(SortedInterpi)
12: G ← ConnectionToGraph(SortedInterpi ,G)

13: return G

4.1 Lines/nodes connection

Step 1: Creation of a Buffer (line number 7 of Algorithm 1). In the
GIS context, pipes are often represented using lines, which may not be entirely
accurate. A pipe, being a substantial object, possesses attributes such as diame-
ter. Hence, it is evident that there exists a distinction between pipes and simple
line representations in GIS.

A buffer is created around each pipe, with its size reflecting the diameter of
the pipe. As a result, detecting intersections between these buffers and nodes
is synonymous with identifying intersections between pipes and nodes. From a
mathematical perspective, a line technically has no diameter, meaning that a
node is either precisely on the line or not. However, in practice, even minor
numerical variations can arise, requiring the addition of a "margin" to ensure
precision.

Inspired by GIS buffers, a buffer is defined as an area around a geographic
feature containing all points within a specified distance from that feature. In
this step, a buffer is created around each pipe pi by applying a distance that
accounts for the physical dimensions of the pipe and potential shifting of nearby
nodes.

For example, in Figures 4a and 4b, the blue line represents the pipe, and a
buffer is created around it using a distance. The resulting yellow buffer represents
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the extended region around the pipe that encompasses its potential location
within the given distance. It is clear from Figure 4a that there is no intersection
between line number 10974 and the two nodes number 53296 and 53304 after
zooming. However, in Figure 4b, we can see that there is an intersection between
the yellow buffer and these nodes.

(a) (b)

Fig. 4: a) Intersection with GIS representation, b) Intersection using a buffer.

As the buffers represent the real dimensions of the pipes, their distances
are exactly the diameter of the pipes. For example, the buffer distance shown in
figure 5 is chosen based on the diameter of the pipe as presented in the algorithm
2. In the case where the diameter attribute in the GIS attribute table is empty
or equal to zero, which is unrealistic, a default value is applied. This default
value is set to the most frequently used diameter in the pipes database.

Algorithm 2 Calculate Buffer Distance
1: procedure BufferDistance(pi, frequentDiameter)
2: DefaultDiameter ← frequentDiameter
3: if Diameterpi ̸= Null ∧Diameterpi ̸= 0 then
4: Distancepi ←

Diameterpi
2

5: else
6: Distancepi ←

DefaultDiameter
2

7: return Distancepi

Step 2: Extraction of intersections (line number 8 of Algorithm 1).
In the real-world, wastewater networks’ pipes are connected to nodes. "Step 2"
of the algorithm aims to detect intersections between the buffer created around
the pipe pi in "step 1" and the nodes databases ND in order to identify their
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Fig. 5: Buffer creation Fig. 6: Intersections detection

connections. These intersections between a pipe pi and nodes database ND can
be defined formally as follow:

Intersections = {nj | nj ∈ ND,∃sl ∈ pi, shortestDistance(nj , sl) ≤ Distancepi}

The set of intersections includes all nodes in proximity to the line, determined
by the shortest distance, which is the Euclidean distance as explained later. The
maximum allowable distance is defined as Distancepi

.
The result is a set of nodes that must be connected to the corresponding pipe

pi. For example, in Figure 6, the intersection between the buffer of pipe 11415
and the ND is detected, resulting in a set of nodes denoted as Intersections =
{41132, 41142, 41140}.

4.2 Lines extremities identification

Step 3: Computing distances and sorting intersections (line number
10 of Algorithm 1). In "step 3" of the algorithm, the Euclidean distance is
calculated between one of the pipe’s extremity Extr1 and each of the nodes
intersecting the buffer (see algorithm 3). The Euclidean distance is the straight-
line distance between two points in a two-dimensional space; it is suitable for
cases where the distances between points are relatively small on surface Earth,
which is the case in our situation with nodes that are near to each other in a
wastewater network. Using Euclidean distance, the proximity of each intersection
node to one of the extremities of the pipe, labeled as Extr1, can be determined.
Sorting the intersection nodes based on their distances allows us to establish an
order that reflects their positions relatively to the pipe’s extremities.

Step 4: Add dummy nodes (line number 11 of Algorithm 1). This step
is crucial for ensuring the connectivity of wastewater networks (see algorithm 4).
To construct graphs based on the intersections, it is essential to have a node close
to each extremity of the pipe pi. However, this condition is not always satisfied.
For instance, the set of intersections can be empty (|SortedInterpi | = 0 in
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Algorithm 3 Calculate Euclidean Distance and Sort Intersections
1: procedure DistanceAndSort(Intersectionspi , Extr1)
2: distances← {}
3: for node in Intersectionspi do
4: x, y ← coordinates of node
5: distance←

√
(x− Extr1.x)2 + (y − Extr1.y)2

6: Append distance to distances

7: SortedInterpi ← Sort intersections based on distances
8: return SortedInterpi

algorithm 4), or some nodes may be present but not located at the extremities
of the pipe pi.

In such scenarios, it becomes necessary to add dummy nodes to the extrem-
ities of the pipe. These dummy nodes serve as virtual representations of the
missing nodes, facilitating the connection of the pipe to the overall wastewater
network.

Fig. 7: Example of a pipe with one node intersecting the buffer area.

In Figure 7, it can be observed that there is only one node inside the buffer
around pipe number 13360, which is near one extremity of the pipe. However,
there is no node near the other extremity. To maintain connectivity with other
pipes, a dummy node is necessary for the missing extremity.

4.3 Graph insertion (line number 8 of Algorithm 1).

The final step involves connecting the sorted intersections into the graph. After
completing the step 4, the sorted intersections set is guaranteed to have at least
two nodes that must be connected to the extremities of the pipe pi. These nodes
can either be from the original node set ND or dummy nodes that were added
to ensure connectivity.
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Algorithm 4 Adding Dummy Nodes
1: procedure AddDummyNodes(SortedInterpi , pi, Distancepi)
2: Ext1← the first extremity of pi
3: Ext2← the second extremity of pi
4: if |SortedInterpi | = 0 then
5: SortedInterpi ← AddFirst(Type = Dummy, coord = (Ext1))
6: SortedInterpi ← AddLast(Type = Dummy, coord = (Ext2))
7: else if |SortedInterpi | = 1 then
8: node← node in SortedInterpi
9: distance1← EuclideanDistance(node,Ext1)

10: distance2← EuclideanDistance(node,Ext2)
11: if distance1 ≥ Distancepi and distance2 ≥ Distancepi then
12: SortedInterpi ← AddFirst(Type = Dummy, coord = (Ext1))
13: SortedInterpi ← AddLast(Type = Dummy, coord = (Ext2))
14: else if distance1 ≥ Distance then
15: SortedInterpi ← AddLast(Type = Dummy, coord = (Ext1y))
16: else if distance2 ≥ Distance then
17: SortedInterpi ← AddFirst(Type = Dummy, coord = (Ext2))

18: else if |SortedInterpi | >= 2 then
19: firstNode← first node in SortedInterpi
20: lastNode← last node in SortedInterpi
21: if EuclideanDistance(firstNode,Ext1) > Distancepi then
22: SortedInterpi ← AddFirst(Type = Dummy, coord = (Ext1))

23: if EuclideanDistance(lastNode,Ext2) > Distancepi then
24: SortedInterpi ← AddLast(Type = Dummy, coord = (Ext2))

25: return SortedInterpi

The algorithm 5 starts by selecting the first node in the set of sorted inter-
sections as the source node and adds it to the set of vertices in the graph G.
Next, the algorithm iterates through the remaining nodes in this set. For each
node, it creates an edge between the current source node and the destination
node.

Algorithm 5 Connecting to the graph
1: procedure ConnectionToGraph(SortedInter, G)
2: sourceNode← first node in SortedInter
3: G.V ← G.V ∪ {sourceNode}
4: for node in SortedInter excluding the first node do
5: destinationNode← node
6: E ← E ∪ {(sourceNode, destinationNode)}
7: sourceNode← destinationNode
8: return G
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4.4 Graph Construction illustration

In the illustrated example (Figure 8), the buffer zone created around pipe num-
ber 11415 is taken into consideration. This buffer intersects three nodes, namely
Intersections = {41142, 41132, 41140}. These nodes represent the necessary con-
nections to be established with pipe 11415. Before establishing these connections,
a sorting process is performed and intersections with pipe extremities are verified.
In this case, the intersections adequately cover the extremities, thus avoiding the
need to introduce dummy nodes. Consequently, the graph can be constructed ap-
propriately by connecting the sorted nodes to pipe 11415. It can be observed that
a single pipe can result in the creation of two edges in the graph, as evidenced
here with edges (41142, 41132) and (41132, 41140), owing to the connection of
the middle node numbered 41132 to the pipe.

Fig. 8: Application of the algorithm: example with three nodes intersecting the
buffer area including the pipe’s extremities.

In the second example (Figure 9), involving pipe number 13360, a different
situation arises. Only one intersection is found between this pipe and the nodes
database, which happens to be located at one extremity. Unfortunately, no inter-
section exists at the other extremity. To ensure the proper connectivity of pipe
13360 within the graph, a dummy node with the label 107965 is introduced.
This dummy node acts as a placeholder, allowing the inclusion of the missing
extremity in the graph representation. Therefore, the resulting graph reflects the
connection between node 39488 and the dummy node 107965, representing pipe
13360.

From the GIS-based representation of the wastewater network presented in
Figure 1, a graph-based representation of these data is shown in Figure 10.
Different colors of nodes symbolize specific types of components, with red in-
dicating manholes. The edges represent the pipes, and their interconnections
depict the real-world relationships found in wastewater networks. Furthermore,
the graph-based representation retains all information about components from
the GIS representation, encompassing both attribute and spatial details. This
preservation enables us to generate GIS representations from the graph whenever
required.
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Fig. 9: Application of the algorithm: an example with three nodes intersecting
the buffer area including the pipe’s extremities.

5 Experiments

5.1 Datasets

The experiments involve five distinct real datasets of wastewater networks. These
datasets cover the Montpellier Mediterranean Metropolis zone and originate from
various sources and dates. The sources of these datasets are as follows:

– Veolia Company [20]:
• Dataset 1: Year 2014.
• Dataset 3: Year 2020.

– Montpellier Mediterranean Metropolis [14]:
• Dataset 2: Year 2017.
• Dataset 4: Year 2020.
• Dataset 5: Year 2023.

Each dataset comprises various components of wastewater networks, with
each component stored in a distinct database. Table 1 gives an overview of the
different components present in each dataset, and their relative numbers. An
hyphen (-) indicates that the component does not exist in the database.

datasets 1 2 3 4 5

Component
DB1: Pipe 43789 47044 35531 37312 51295
DB2: Manholes 42007 45410 34371 37477 49987
DB3: Pumps 217 245 - - 285
DB4: Structures 760 801 164 148 431
DB5: Treatment Plant 13 14 - - 13
DB6: Accessories - - 108 198 -
DB7: Fittings 451 427 - - -
DB8: Devices - - - - 3808
DB9: Spillway - - - - 75

Table 1: Number of component in each database for the 5 datasets
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Fig. 10: Wastewater Graph-based representation derived from GIS-based repre-
sentation of Figure 1

5.2 Pre-processing

The identification of duplicated objects can rely solely on spatial information,
such as coordinates in our case, or both coordinates and attributes. It is evi-
dent that if multiple components share the same position and possess identical
attributes, they are considered duplicates. In such instances, the need arises to
retain only one representation.

Table 2a illustrates the number of duplicated objects for each component
across all databases. A hyphen (-) indicates that the component does not exist
in the database, while ’0’ signifies that the component’s database exists but
contains no duplicated objects. In other cases, it is the number of duplicated
objects. Following the removal of duplicates based on all attributes, Table 2b
presents the number of duplicated objects based solely on position. While these
objects do not share the same values for all attributes, it remains impossible
to have two manholes or pipes with the same geographical position. Notably,
the majority of duplicated objects in our databases belong to the manholes and
pipes components. Consequently, these repetitions must also be removed from
the databases.
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Datasets 1 2 3 4 5

Component
DB1: Pipe 0 0 1 0 37
DB2: Manholes 0 0 65 0 29
DB3: Pumps 0 0 - - 3
DB4: Structures 0 0 0 0 90
DB5: Treatment Plant 0 0 - - 0
DB6: Accessories - - 0 0 -
DB7: Fittings 0 0 - - -
DB8: Devices - - - - 232
DB9: Spillway - - - - 0

(a) All attributes and position are identi-
cal

Datasets 1 2 3 4 5

Component
DB1: Pipe 15 15 3 18 5
DB2: Manholes 0 1 65 206 32
DB3: Pumps 0 0 - - 1
DB4: Structures 0 0 0 30 0
DB5: Treatment Plant 0 0 - - 0
DB6: Accessories - - 0 0 -
DB7: Fittings 0 0 - - -
DB8: Devices - - - - 0
DB9: Spillway - - - - 0

(b) Position is identical but attributes dif-
fer.

Table 2: Duplicated Objects in Different Databases

5.3 Graph Construction

Table 3 presents the results of experiments conducted on the five datasets of
wastewater networks. For each dataset, both the GIS representation and the
graph-based representation derived from the GIS representation are available.

datasets
1 2 3 4 5

representation GIS Graph GIS Graph GIS Graph GIS Graph GIS Graph

C
om

po
ne

nt
s

DB1: Pipes 43789 44210 47044 47599 35531 35938 37312 38089 51295 55597
DB2: Manholes 42007 41980 45410 45409 34371 34333 37477 37385 49987 49761
DB3: Pumps 217 217 245 245 - - - - 285 282

DB4: Structures 760 760 801 801 164 164 148 105 431 424
DB5: Treatment plants 13 13 14 14 - - - - 13 11

DB6: Accessories - - 427 427 108 74 198 168 - -
DB7: Fittings 451 451 - - - - - - - -
DB8: Devices - - - - - - - - 3808 3781
DB9: Spillway - - - - - - - - 75 74
Dummy nodes - 405 - 189 - 1226 - 38 - 694
Table 3: From GIS to graph: Comparison of components number

For all datasets, most of the components from the GIS representation are suc-
cessfully preserved in the graph. For instance, in dataset 1, the number of pipes
in the GIS data is 43789, while the corresponding graph contains 44210 edges.
It is expected that the number of edges in the graph will be equal to or greater
than the number of pipes, as the algorithm maintains all pipes. In addition, in
cases where the number of edges is greater than the number of pipes, the reason
is that some pipes have been divided into several edges on the basis of their con-
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nectivity with the nodes. The example shown in Figure 8 illustrates a scenario
in which a single pipe is represented as two edges in the graph. Concerning the
number of manholes, the GIS representation includes a total of 42007 manholes
while the corresponding graph contains 41980. This represents a loss of 27 man-
holes, or around 0.064% of the total number of manholes. However, there are
very few components missing in the graph representation. This happens when
the components are located at a considerable distance from the nearest pipes
in the GIS representation, making it challenging to establish direct connections
between them. The algorithm ensures that each pipe in the GIS representation
is represented as one or several edges in the graph-based representation.

5.4 Graph Connectivity

Figure 11a illustrates the integration of dummy nodes into the graph, highlighted
in light blue. Each pipe is plotted in different color. These dummy nodes did not
exist in the databases before the graph was constructed. Their introduction not
only improves the connectivity of the network, it also plays an essential role
in the completeness of the data. As the example shows, dummy nodes effec-
tively simulate real-world objects that might otherwise be absent from the GIS
database. in Figure 11a. Each pipe, shown in a different color, corresponds to
a different entity in the pipes database. A zoom on the area inside the black
rectangle is given in Figure 11b. It contains several pipes, but we focus on the
small one numbered 15014, we can see that pipe 15014 has only one real node
at one extremity, and no node at the other extremity. To add this pipe to the
graph, two nodes are necessary at the extremities even if they are relatively close
to each other. Therefore, adding a dummy node at the other extremity is nec-
essary. This phase represents the initial step in improving the completeness of
sewer network data.

(a) Added dummy nodes (b) Zoomed-in part

Fig. 11: Example of dummy nodes added in dataset 5
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Fig. 12: General view of wastewater sub-networks in GIS representation of
dataset 1

The number of connected sub-networks in the resulting graphs is an im-
portant criterion for evaluating the accuracy of the graph-based representation.
In real-world wastewater networks (see figure 12), it is common to have many
sub-networks due to various factors such as the physical layout of the network.
However, in same cases the disconnected sub-networks in the GIS representation
may be the result of insertion or shifting errors during data collection or digi-
tization processes. These errors can lead to gaps in the network representation,
making it challenging to accurately assess the connectivity of the wastewater
network.

Dataset 1 2 3 4 5
Representation GIS Graph GIS Graph GIS Graph GIS Graph GIS Graph

Number of Sub-networks 166 118 476 130 200 113 177 53 134 75
Table 4: Comparison of Sub-networks in GIS and Graph Representation

In the graph-based representation, one of the main goals is to identify and
correct errors present in the GIS databases, which may lead to disconnected sub-
networks in the resulting graph. The buffer distance used is designed to capture
and address these errors of small shifting or inserting errors.

As a result of this error correction process, the number of sub-networks in the
resulting graph is less than the number of sub-networks in the GIS representation
(see Table 4). The reduction rate of the number of sub-networks depends on their
distances from each other. For example, if sub-networks in a database are widely
spaced, the reduction rate will be low. Conversely, if all sub-networks are close
together in the database, the reduction rate will be high. In an ideal scenario,
if each sub-network contains a node that is very near (in relation to the defined
buffer distance) to a node in another sub-network, then all sub-networks will be
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connected, forming a fully interconnected network. In our example, database 1
has fewer closely situated sub-networks compared to database 2. This discrep-
ancy explains the differing rates of sub-network reduction. This reduction in the
number of components indicates that the graph-based representation is success-
fully identifying and addressing the errors in the GIS representation, resulting
in a more accurate and coherent representation of the wastewater network.

6 Conclusion

In this study, a graph-based approach for representing wastewater networks,
derived from GIS databases, has been proposed. Our graph-based representation
accurately captures the interconnected nature of the network. By conducting
experiments on real-world datasets, the efficiency and effectiveness of the method
have been demonstrated. It showcases the ability to preserve the maximum of
components from the GIS representation while resolving missing connections
between them.

As perspective, we aim to improve the graph-based representations by inte-
grating water circulation within the pipes. This entails constructing oriented
graph-based representations that reflect the flow direction and dynamics of
wastewater through the network. Considering the direction of pipes allows us
to further analyze flow behavior and optimize the network as a consequence.
Furthermore, since all the datasets we possess represent the same geographical
zone, our objective is to explore the fusion of these oriented graphs. The fu-
sion process will enable us to synthesize a comprehensive representations that
encompass the entire wastewater network for the given geographical area.
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